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SUMMARY

This research project studies an alternative system for power distri-

bution, in a tactical environment whose goal is to improve overall reliability

while reducing the total cost of generating power. As a means of accomplish-

ing this end, we explore the concept of "common users" of generators in order

to reduce system down time and optimize generator distribution.

Our approach was to develop a computer-assisted, interactive decision

model which is both portable and user friendly. The computer we chose was the

Chromatics Colorgraphics system which both aids in clarifying the problem and

promoting user interest.

The problem we studied was fairly basic. Given an arc of operations,

* there are x units on the ground at given locations, interconnected by a road

network. Some number of these units require varying amounts of power to be

functional. Distance is used as a basis for determining the cost of provid-

ing this power.

The decision support system we developed to aid the user in finding

* solutions to this problem is based on solving the k-best, minimum weight span-

ning trees for the network.* It displays these k-trees in a tabular form which

the user can then superimpose on a map and then, utilizing any additional in-

formation he may possess, decide upon a best solution.

The model is easily expandable to larger, more complex situations and

is equally useful in non-tactical applications. At the end of the report, we

have suggested further possible applications and expansions for this system.



CHAPTER I

* INTRODUCTION

- A. Background

Continuous technological advances have made the modern battlefield

highly sophisticated and lethal. Everything from target acquisition and en-

gagement systems, to communications equipment, to the First Sergeant's coffee

pot and electric razor are dependent on some form of electricity to operate.f

A weapons system capable of engaging multiple targets simultaneously is worth-

less if we cannot supply it with enough power to remain operational.

A possible solution, the use of commercially produced power, is not

feasible. on the one hand, we cannot depend on such a source being available

in a wartime environment. Commercial power plants will be prime targets early

on in any hostilities. Additi~onally, today's systems operate on a variety of

voltages which further complicates the issue. Finally, more often than not,

* units can expect to be operating in remote regions where comrcial power is

unavailable.

The solution has been and still is generators. However, system prolif-

eration and variation have made the types and number of generators a complex,

frustrating problem. Looking at the generators required by the Heavy Division

10 the Division 86 studies (see Appendix A-1), one sees everything from .5

* kilowatts to 100 kilowatts, 28 volts to 240 volts, 60 hertz to 400 hertz and

one phase to three phase generators, in skid-mounted and trailer-mounted con-

, figurations. The quantities are staggering. Looking only at the requirements

* for 60 hertz, 120 volt power generator equipment, one filds the figures dis-

played in Appendix A-2; a total of 938 generator sets producing 4,943.5 kilo-

* watts of power.
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Associated with this vast number of generators are the further require-

ments for the operators, mechanics, and repair parts necessary to run and main-

tain these pieces of equipment.

Realizing the inherent difficulties associated with our current system,

the U.S. Army Construcdtion Engineering Research Laboratory studied the issues

and presented their findings in the Electrical Power Generation Distribution

(EGAD) Report in December 1975 [13]. The study essentially recognized the need

for systematic optimization of electrical systems and the development of plan-

ning, design, and constructioui capabilities for such systems. Their recomen-

* dations were addressed toward non-tactical applications, however, we feel the

ideas expressed are compatible with tactical power generation.

Presently, another option which the Corps of Engineers is researching

is the possibility of providing a standard family of power generation equipment

which through the use of transformers can be adapted to all systems currently

found on the battlefield. It is along this vein that this study progresses

toward a possible alternative to the existing doctrine.

B. Purpose of Research

The purpose of this research project is to study an alternative system

for power distribution in a tactical environment which improves overall reli-

ability while reducing the total cost of generating power. Additionally, we

explore the concept of "common users" of generators as a means of reducing sys-

tem down time and optimizing generator distribution.

C. Approach

our approach was to develop a computer-assisted, interactive decision

model which is both portable and user friendly. To aid in clarity and to
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enhance the interest of possible users of this system, it was developed on a

color-graphics computer system.

Our problem to be studied was this: Given an area of operations, there

are x units on the ground at given locations. These locations can be readily

*- identified on a map and are interconnected by a road network. Some number, n,

of these units have a need for K kilowatts of power. The cost of providing this

* power is the distance between the units. What is needed is a system to opti-

- mize the location of a "common user" generator or a bank of generators in

order to minimize the distancds necessary to run power lines.
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CHAPTER II

ASSUMPTIONS AND MATHEMATICAL FORMULATION

A. Assumptions

In formulating this model, it was necessary to make/impose a number of

assumptions:

(1) The cost of providing "common user" power is proportional to the

total distance of transmission lines necessary. It should be noted that when-

ever two or more nodes are connected by existing power transmission lines, these

can be incorporated into the model by assigning those arcs a minimal cost or

no cost.

(2) All needed data is available to the decision maker. Information

required is a map of the area, present unit locations, unit demand in kilowatts,

existing transmission lines if any, and priority of units in case total demand

exceeds total supply.

(3) There is no additional fixed cost associated with providing power

to one site over another.

(4) Locations and demands are considered to be relatively static. Once

a generator location is chosen, it is not expected to have to be moved daily.

(5) The "common user" generators will be located at a node. That is

they will be co-located with one of the demand points. This has intuitive

* . appeal as the operators and maintenance personnel will require rations, fuel,

etc.

(6) That the generator requirements shown in the unit TOE's is neces-

sary to remain fully operational. No attempt was made to try and ascertain how

much of each TO&E was safety margin and how much was actually required.

5
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(7) It will be aasumed that all transmission lines will run along-

side existing roads. This has intuitive appeal in that existing power lines

are most likely to be found along existing road networks. Also, if lines must

be constructed, it would be much easier and quicker to run them along existing

roads.

B. Mathematical Formulation

The mathematical formulation which comes closest to representing the

Power Distribution System problem is the shortest path problem [2]. Consider

a network with m nodes and n arcs and a cost C associated with each arc in
ij

the network. The shortest path problem is: Find the shortest (least costly)

path from node 1 to node m in the network. The cost of the path is the sum of

the costs on the arcs in the path.

To formulate the problem, set up a network in which we wish to send a

single unit of flow from node 1 to node m at minimal cost. Thus b1  1, bm= 1

b - 0 for i 0 1 or m. The mathematical formulation comes from [2], page 483:

Minimize Ci X i

1 if i1 1
m m

Subject to J X- i 0k if i #1 or m
j-i k-1.

1-1 if i -m

X - 0 or 1 for i,j -1,..m

The constraints X 0 or 1 indicates that each arc is either in the path

or not.

In order to solve this problem, we have utilized an algorithm to find k

minimum weight spanning trees for the newtork. The user determines the value

of k, the number of minimum weight spanning trees he wishes to see, up to five.

That is, the algorithm will select the spanning tree with the least cost, the

second smallest cost, etc. until it has found the five best solutions.
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A spanning tree is a nondirected tree defined as follows [6]:

(i) A connected graph of n vertices and (n-i) links

or (ii) A connected graph without a circuit

or (iii)A graph in which every pair of vertices is connected with one and

only one elementary path.

*. The minimum weight or shortest spanning tree is that nondirected tree which mini-

mizes the sum of the arcs. The shortest spanning tree of a graph has obvious

i applications in cases where roads (gas pipelines, electric power lines, etc.)

are to be used to connect n points together in such a way so as to minimize the

total length of road that has to be constructed [6, pp. 124-125].

C. The K Tree Algorithm

The algorithm implemented used the general approach suggested in Gabow's

° paper, "Two Algorithms for Generating Weighted Spanning Trees in Order" [24, pp.

* 140-147]. It utilized a three phase approach.

Step 1. The first step formed the minimum weight spanning tree by

Prim's method [24, pp. 138-139]. This algorithm produces the shortest span-

ning tree by growing one subtree TS containing more than a single vertex and

considering the reuaining vertices to form one subtree each. Subtree TS is

then grown continuously by adjoining that link (Xij) Xi F TS , X e TS with

the minimum cost C until (n-l) links are added and TS becomes the requiredij

shortest spanning tree. This step is incorporated in lines 6500-6799 of

P ?rogra SOLc Apaendix C).

Step . Step 2 found the minimum weight exchange link subject to a set

of membership constraints. A link, Xi, not a member of spanning tree K, is

eligible to enter and replace link Xik an existing member of the spanning

tree, provided link Xij is not restricted from entering and link Xi,k is notijiL

.................... *. *.. . .*



'7' 7

8

restricted from leaving. The minimum cost replacement for all candidate

entering/departing link combinations is selected. This is accomplished by

lines 6800-6990 of Program SOLVE (Appendix C).

Step 3. The minimum cost new spanning tree is selected from all can-

didate new trees. Two disjoint sets of restrictions are generated:

(i) The parent tree has the restriction imposed that existing arc

must be retained for all future candidate spanning trees gene-

rated from the parent (in additionto any previously imposed re-

strictions).

(ii) The offspring tree has the restriction imposed that the existing

link may not enter any future candidate trees generated from

this tree (in addition to any previously imposed restrictions

on the parent tree).

This step is implemented by lines 6155-6165 of Program SOLVE (Appendix C).

.z'
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CHAPTER III

THE DECISION MAKING PROCEDURE

A. Existing System

The existing decision making process for location of generators can be

summarized as follows:

(1) Following established rules and regulations, the organization

divisions of the directorate of Combat Developments allocates generators of

various types to each unit according to their equipment requirements and power

needs.

(2) Built into these figures are certain allowances for extra gene-

rators in case the primary means of power becomes nonoperational.

(3) In a field environment, as generators are lost through mechanical

vailure or battlefield losses, the unit comandey shifts his assets according

to his own established priorities.

(4) If he should reach a point whereby he is no longer capable of-

accomplishing his mission, the unit commander requests additional support from

* his superior organization.

(5) If no additional power genration equipment is available, the unit

becomes ineffective.

B. Proposed System

The Decision Support System we propose would modify this as follows:

* (1) When writing the TOE's, the developers should only meet the unit's

base requirements and not add all the "additional" or "safety factor" gene-

rators.
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(2) In the field environment, the location of each unit requiring

additional power is plotted on a scaled map no larger than eleven inches by

eleven inches. This map is taped to the BITPAD, input into the computer, and

stored on a disk according to the directions given by the program NTRACE. (If

the network is already on disk, that disk is mounted on disk drive #2.)

(3) The decision maker knows the power requirements of each unit, the

unit's priority and through some means of reporting such as readiness reports,

he knows how many generators are down. He also knows how much "common user"

capability is available to supply those units which are in need.

(4) If the supply cannot meet the demand, he must reduce or eliminate

units according to his priorities until such time as the demand can be met.

(5) Once he has determined that his supply is adequate to meet his

demand, he utilizes the program SOLVE to produce up to the five best possible

routes to take to supply the needed power.

(6) Here is where the decision maker interacts with the computed solu-

tions. He can take the five (or however many he requested) best solutions and

lay them out on his map to select the best solution. The human is capable of

looking at the terrain, obstacles, the present tactical situation, anticipated

actions, etc., and taking this knowledge into account, select the best solution.

(7> Onec the decision has been made, the units are connected to the

"coumon" source and the system is monitored and changes are made as needed by

following the same procedure.

(8) The user also selects the best location for the power plant(s).

Again, utilizing the map and his knowledge of the units located at each point,

he is able to select that unit which is best able to support the power plant

and co-locates his teams with them. Due to the nature of power distribution

this can be any of the points in the network. It does not have to be at the
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median or center. Again, here is where the interaction between the user and

the computer becomes valuable. Figure 2 depicts a flowchart of user actions.
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Figure 2. Flowchart of User Actions



CHAPTER IV

IMPLEMENTATION AND DOCUMENTATION

A. Instrumentation and Equipment

The primary item of equipment utilized in this model is the Chromatics

color graphics minicomputer [32]. It is a wholly self-contained, high resolution

* ~(512 by 512 dot matrix) color graphics terminal with an integral Z-8 micor-

essor, attached floppy disk drives and 64 k bytes of random access memory. It's

* high resolution screen provides a choice of from one to eight colors and auto-

matically generates geometric figures as well as graphs and bar charts.

As an additional feature, the terminal is equipped with a light pen.

This is a device which is capable of detecting light on the screen and relaying

a signal back to the terminal. This signal is then used to pinpoint the loca-

tion of the light pen relative to the screen. This is the primary device for

controlling program execution.

A digitizer pad is utilized to input the nodes and arcs into the computer

while displaying a visual representation of the network on the screen. This acces-

sory to the terminal converts graphic information into a digital form suitable for

* use by the Z-80 microprocessor. It is operated by positioning the croashairs or

* touching a stylus to any position on a map which is affixed to the pad's surface.

The x,y coordinates of that position are then transformed into their digital

equivalents and transmitted to the terminal for processing.

B. Implementation and Documentation

All programming was accomplished using Chromatics Basic Language [7]. The

*primary blocks are: (i) map data input, (ii) menu selection control, (iii) general

purpose data input, (iv) data manipulation, (v) computations execution and (vi)

display of the results.

13
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The program NTRACE is a modification of Monte Anderson's [1] program

which he used for his thesis work. It is used primarily to trace in the networks

and control the switching to the program SOLVE. The similarity between this

model and the Water Point Model created by Cpt. Anderson constitutes the begin-

nings of a library of decision support systems which could be available to a

Division Engineer to improve his support and assessment capabilities. NTRACE

provides light pen selection of menu items to add nodes or arcs, stop program

execution, save data, restart, or solve the problem which has been input into

the system. A selection of menu items COMPUTE FLOW or DISPLAY ANALYSIS while

under the control of program NTRACE results in all accumulated data being

saved on.disk automatically and program SOLVE being retrieved from the disk and

execution initiated.

Program solve performs all calculations and controls the display of the

results. The results of the calculations are not saved on the disk. Both pro-

grams were designed to be as user friendly as possible. The procedure for trac-

ing a network is accompanied by detailed instructios to provide a step-by-step

routine. The intent is to make it possible to operate the entire program with

no background as to what the correct solution procedure should be. For further

documentation of the program NTRACE, see Monte Anderson's Master's Thesis (1].

The program SOLVE is even easier to use than NTRACE. SOLVE first ex-

plains to the user that it can handle up to sixty nodes and asks the user to

type in the number of nodes in his network. This accomplished, it then explains

that no node can have more than twenty arcs incident to that node and prompts

the user to input the maximum number of arcs incident to any node in the networks.

Next, SOLVE explains that the maximum number of arcs that memory will allow is

1200 and asks the user to input the total number of arcs in the network.

SOLVE now has all the data necessary to begin to solve the k mini-m

-. weight spanning tree problem. Finally, it asks the user how many trees he would

-...........



stated nusbar of miniaum wight trees as explained in Chapter 11 and the results

are displayed in tabluar form.



CHAPTER V

TEST PROBLEM AND RESULTS

A. Test Problem

In order to demonstrate the procedure, consider the network shown in

Figure 3. It depicts the locations of eight units requiring addition power and

* . the road network which connects them. It has been entered on the BITFAD using

the program NTIRACE.

The corresponding costs associated with the twelve arcs are shown in

Table 1. The proper procedure for inputing this network is first to input the

Arc Starting-Ending Node Costs

1 1-2 4
2 1-3 6
3 1-4 3
4 2-4 2
5 4-5 5
6 3-5 2
7 4-6 5
8 2-6 4
9 5-8 6

10 4-8 6
11 7-8 3
12 6-7 2

Table 1. Arcs With Associated Costs

eight nodes in order. Each time the blue button is depressed, it will increment

the node counter by one. Then, beginning with node number 1, input arc number 1

by touching the cursor to node one, depressing the green button and tracing the

* road to node number 2. The computer will automatically record the arc number,

the beginning and ending nodes, and will computer the cost (distance) of the

arc traced. The entire network was input in this manner an is nov ready to be

solved by switching control to program SOLVE.

16
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Figure 3. Test Netvork



B. Results

The test problem was solved for the five best minimum weight spanning

trees and the results as they actually appeared on the cathode ray tube of the

chromatics colorgraphics terminal are shown in Tables 2 and 3. At this point

Lhe decision maker has all the necessary information to make his selection of

the beat possible location(s) for his "common user" generators. He takes the

five beat solutions and plots them on his map. Then, utilizing his knowledge

of the situation as well as the previously discussed variables, he selects his

site. The five best possible "solutions for the test problem are shown as

Figures 4 through 8.

;iI
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Figure 4. Resulting Network for k-i.
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Figure 5. Resulting Network f or k -2.
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Figure 6. Resulting Network for k -3.



24

-i

4"

Ci

• . Figure 7. Resulting Network for k = 4.

21S

o-



25

.40

Figure 8. Resulting Network for k -5.



CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

A. Conclusions

We realize that this is quite a departure from conventional thinking as

far as power distribution systems are concerned. As this concept is delved into

further, it may result in the conclusion that this is impractical and inveasible

in a constantly moving tactical environment, particularly the closer the units

are to the front. However, it should be noted that the idea of "common users" of

generators and "power plant teams" is not new in a nan-tactical situation.

The Corps of Engineers has both power plant operation and maintenance,

and power line teams. These are depicted in Appendices D-1 and D-2. Their con-

cept and mission would be particularly suited to the decision support system de-

scribed here.

Although this system was originally designed with Division 86 units and

their requirements in mind, it is easily extrapolated to Corps and Theater Army

levels with only minimal effort. Possibly once you get as high as theater level,

you may exceed the memory capability of the Z-80 microprocessor. There are pro-

cessors available with greater memory capabiliteis and so this thinking need not

be limited by the computer hardware.

Another application of this system would be with the concept of cellular

division and corps headquarters. The thought here is that a division headquarters

would occupy an area roughly 10 kilometers square (Corps, 15 kilometers). Within

this area the various headquarters elements, although dispersed, could be con-

* nected by transmission lines to a common source of power. The optimum location

of the paver plant(s) could easily be determined by our decision support system.

26
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Another concept which the Corps of Engineers is researching is that of

power conditioners. As mentioned earlier, there are numerous different sizes,

voltages and cycles of power generation equipment in a given unit. When an item

requires, say 6 kilowatts to operate, it must use a 10 kilowatt generator (the

next larger size). When you multiply this by the number of that piece of equip-

ment in the unit, the excess power becomes even larger. Now expand that over all

other items and you'll find there exists a significant overkill.

A power conditioner is a "black box" which can convert cycles, voltages,

etc. so that a common source of power can drive any of the diverse systems and

thereby reduce the numbers of generator, operator, repair parts, and overall cost

to the system. Here again would be an excellent situation where our decision

support system could be utilized.

These are but a few possible applications of our system. The possibilities

are many and varied.

B. Recommendations

(1) We recommend that this area be further explored to determine possible

expanded applications of the process considered here. Military pipeline systems

would be readily adaptable to such a decision system.

(2) Time and manpower precluded making this system any more sophisticated

than presented here but there are several improvements which could be made to in-

* crease it's value.

' - (a) The minimum operating power requirements for each unit could be

stored in computer memory. The user could take readiness and casualty/damage re-

ports and constantly monitor each unit's present status. Thus shortages would be

detected sooner to reduce system down time.

(b) Voltage losses through transmission lines could be calculated by

inputing formulas to account for drops due to distances and wire sizes.

*
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(c) Priority for each unit could be stored in computer memory thus

• eliminating the need for the user to manually monitor these.

..

am

a:!

, .- ..
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APPENDIX A

GENERATOR REQUIREHENTS FOR

DIVISION 86 UNITS
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Appendix A-2

Unit Generator Requirements

.5 1.5 3 5 10 15 30 45 60 100 TOTAL

1/1 Armor 3 1 7.5
2/1 Armor 3 1 7.5
3/1 Mech 8 12.0
1/2 Armor 3 1 7.5
2/2 Armor 3 1 7.5
3/2 Mech 8 12.0
1/3 Armor 3 1 7.5
2/3 Armor 3 1 7.5
3/3 Mech 8 12.0
4/3 Mech 8 12.0
Engr. Bn 13 16 64.5
Mil Intel Bn 5 41 12 1 347.5
Signal Bn 8 136 82 7 900.0
1P Company 3 4.5
NBC Company 5 7.5

iHClst Bde 4 2 4 32.0
HHC2ndBde 4 2 4 32.0
HHC 3rd Bde 4 2 4 32.0
ADA Bn 50 1 78.0
HHB, Divarty 6 24 3 159.0
TGT Aqn Bty 3 4.5
ist Bn, 155 mm 12 1 4 41.0
2nd Bn, 155 mm 12 1 4 41.0
3rd Bn, 155 mm 12 1 4 41.0

"8 inch Bn 8 32.0

HHT, ACAB 7 6 40.5
SBT SPT AVN BN 1 28 11 7 2 3 310.5
CAV. SQDN. 1 6 2 19.0
I 1st Atk Bn 6 4 2 49.0
2nd Atk Bn 6 4 2 49.0
HHC STP CMD 4 2 260.0
DMHC, SPT CMD 3 7 120.0
AG Co. 2 1 3 51.0
MED Bn. 3 1 7 77.5
Maint Bn 22 12 8 19 2 3 9 1 884.0
S&T Bn 3 1 6 5 87.5
-st Bde Spt Bn 16 7 18 4 1 329.0
2nd Bde Spt Bn 16 7 18 4 1 329.0
3rd Bde Spt Bn 18 7 19 4 1 342.0
HHC, Dvy Div. 2 1 4 4 86.0

1 334 195 240 114 33 6 9 4 2 4943.5

TOTAL NUMBER 60 HZ, 120 V Generators - 938

- *. * **..* ** * -**. -*
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APPENDIX B

PROGRAM NTRACE
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APPENDIX D

POWER'PLANT AND POWER LINE TEAMS
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Appendix D-1

g. Team HG, Power Plan Operation and Maintenance

(1) Capabilities. Operates and maintains installed electrical power
plants of at least 900 KW capacity, of up to 3 generators having combined
capacity of 900 to 7,500 KW capacity.

(2) Basis of Allocation. One per electric power generating plant of
900 to 7,500 KW capacity.

(3) Mobility.

(a) This unit is authorized by TOE 16 personnel and approximately
1,900 pounds (100 cubic feet) of equipment requiring transportation. Non-
equipment and supplies constitute approximately 1,200 pounds (50 cubic
feet).

(b) On a move to a new location using one lift by organic assets, the
unit can move approximately two personnel and 1,500 pounds (150 cubic feet)l/
of equipment and supplies.
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Appendix D-2

i. Team HI. Power Line

(1) Capabilities. Installs and maintains up to 60 miles of high voltage
electrical power lines.

(2) Basis of Allocation. One per two electric power generating plants
of 900 to 7,500 KW capacity. Normally attached to an Engineer Facilities
Engineer Group, TOE 5-203.

(3) Mobility.

(a) This unit is authorized by TOE 14 personnel and approximatley

7,200 pounds (950 cubic feet) of equipment requiring transportation. Non-
TOE equipment and supplies constitute approximately 1,000 pounds (50 cubic
feet).

(b) On a move to a new location using one lift by organic assets, the
': . unit can move approximately 14 personnel and 7,540 pounds (730 cubic feet)l/

of equipment and supplies.
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